The fully recessive disease resistance ( R ) gene xa13 , which mediates race-specifi c resistance to Xanthomonas oryzae pv. oryzae ( Xoo ), encodes a plasma membrane protein that differs by one amino acid from that encoded by its dominant (susceptible) allele Xa13 . The molecular mechanism of xa13 -mediated resistance is largely unknown. Here we show that, compared with its dominant allele, expressional non-reaction of xa13 to Xoo infection, not its protein composition, is the key factor for xa13 -mediated resistance. We used the promoter ( P Xa13 ) of the dominant Xa13 , which was induced by only the incompatible Xoo strain for xa13 , to regulate xa13 and xa13 Leu49 (a natural recessive allele of xa13 ) in the rice line IRBB13 carrying xa13 . The transgenic plants showed the same level of susceptibility and bacterial growth rate as those of the rice line carrying dominant Xa13 , accompanied by the induced accumulation of xa13 or xa13 Leu49 proteins. Constitutive expression of dominant XA13 or different xa13 proteins (xa13, xa13 Leu49 , xa13 Ala85 or xa13 Val184 ) in IRBB13 had no effect on Xoo infection in the transgenic plants. These results suggest that race-specifi c pathogeninduced Xa13 expression is critical for infection. Thus, xa13 stands out from other R genes in that its functions in disease resistance are due to only the loss of pathogeninduced transcriptional motivation caused by natural selection.
Introduction
Plant disease resistance ( R ) genes mediate race-specifi c resistance against various pathogens, including bacteria, fungi, nematodes, oomycetes and viruses. R genes often show a low level of constitutive expression pattern in either uninfected or infected plants, which is in agreement with their common role in the pathogen recognition step. In a few cases, specifi c additional induction of R gene expression has been observed in pathogen infection ( Yoshimura et al. 1998 , Piffanelli et al. 2002 , Levy et al. 2004 , Gu et al. 2005 , Romer et al. 2007 , which may help to amplify the resistance response. This hypothesis is supported by the evidence that overexpression of some R genes, such as tomato Pto ( Tang et al. 1999 ) , Arabidopsis RPS2 ( Tao et al. 2000 ) and rice Xa3/Xa26 , enhances disease resistance. Even for the R gene functioning as a mutation of a negative regulator in disease resistance, induced expression on infection has been observed ( Piffanelli et al. 2002 ) .
Rice bacterial blight, caused by Xanthomonas oryzae pv. oryzae ( Xoo ), is the most devastating plant bacterial disease worldwide. Six R genes ( Xa1 , Xa3/Xa26 , xa5 , xa13 , Xa21 and Xa27 ) that confer Xoo resistance have been characterized ( Song et al. 1995 , Yoshimura et al. 1998 , Iyer and MoCouch 2004 , Sun et al. 2004 , Gu et al. 2005 , Xiang et al. 2006 . The dominant gene Xa21 , encoding a leucinerich repeat (LRR)-type receptor kinase, and the recessive genes xa5 , encoding the γ -subunit of transcription factor IIA, and xa13 , encoding a plasma membrane protein were constitutively expressed ( Century et al. 1999 , Iyer and McCouch 2004 . The expression of the dominant genes Xa1 , encoding a nucleotide-binding site-LRR protein, Xa27 , encoding an unknown protein, and Xa3/Xa26 , encoding an LRR receptor kinase-like protein, was induced in Xoo infection ( Yoshimura et al. 1998 , Gu et al. 2005 ). The diversity of the encoding products and variable expression patterns of these R genes suggest that multiple defense mechanisms may be involved in recognition of Xoo in rice.
Although the rice recessive gene xa13 has a constitutive expression pattern similar to that of most characterized plant R genes, it differs from other R genes in that its dominant (susceptible) allele Xa13 is pathogen responsive. xa13 and Xa13 genes can encode identical protein or proteins with 1-3 amino acid substitutions . However, xa13 and Xa13 have shown different responses to pathogen infection; the expression of susceptible Xa13 but not resistant xa13 was rapidly induced on Xoo infection. In addition, in the same genetic background and free of pathogen infection, the expression level of Xa13 was approximately 6-fold higher than that of xa13 in leaf tissue, the major invasion site of Xoo . Suppressing dominant Xa13 signifi cantly increased rice resistance to its incompatible Xoo strain PXO99, and suppressing recessive xa13 further enhanced rice resistance to PXO99, which suggest that Xa13 is required for PXO99 growth. Comparative analysis of the promoter regions of xa13 and Xa13 suggests that promoter mutations (insertion, deletion or substitution) in Xa13 may result in the fully recessive xa13 . The dominant Xa13 was also defi ned as Os8N3 by Yang et al. (2006) ; the Os8N3 was transcriptionally activated by the transcription activator-like (TAL) effector PthXo1 of Xoo , suggesting that the pathogen induces disease in a gene-for-gene manner. However, whether the Xa13 promoter determines susceptibility remains to be clarifi ed experimentally. Furthermore, some proteins encoded by xa13 and its natural recessive alleles are different from the protein encoded by dominant Xa13 , which raises the question of whether the product differences between xa13 and Xa13 also contribute to xa13 -mediated resistance.
To answer this question, we used the promoter of Xa13 to regulate different natural xa13 alleles, whose encoded products were different from that of Xa13 , and vice versa. The results of promoter swapping analyses suggest that the expression pattern of xa13 , not its product difference from that of Xa13 , is the key factor in disease resistance. In addition, xa13 protein also appears to regulate vegetative development, but the amino acid difference between xa13 and its recessive alleles appears to infl uence this regulation.
Results

The promoter of the susceptible Xa13 gene is race specifi c and pathogen inducible
To examine whether the direct upstream promoter region ( P Xa13 , 1,589 nucleotides) of the dominant (susceptible) Xa13 gene determined the pathogen-induced expression of Xa13 , the P Xa13 and the control promoter region ( P xa13 , 1,786 nucleotides), from the recessive (resistant) xa13 , were fused with reporter gene β -glucuronidase ( GUS )/green fl uorescent protein ( GFP ) and transferred into rice line IRBB13 carrying xa13 , respectively. Fifteen and 22 independent transformants carrying P Xa13 :GUS and P Xa13 :GFP , respectively, and 24 and 14 independent transformants carrying P xa13 :GUS and P xa13 :GFP , respectively, were obtained. Two and three transgenic plants carrying a single copy of P Xa13 :GUS and P Xa13 :GFP , respectively, and two and three transgenic plants carrying a single copy of P xa13 :GUS and P xa13 :GFP , respectively, were used for further analysis. In the same genetic background and free of pathogen infection, transgenic plants carrying a single copy of P Xa13 :GUS or P Xa13 :GFP showed an obvious higher level of GUS or GFP expression than that of the transgenic plants carrying a single copy of P xa13 :GUS or P xa13 :GFP (Supplementary Figs. S1, S2) , which is consistent with our previous expressional analysis of Xa3 and xa13 ). Expression of GUS or GFP in the leaves of transgenic plants carrying P xa13 :GUS or P xa13 :GFP was hardly detected histochemically. Xoo strain PXO99 has been shown to cause an incompatible (resistant) reaction of IRBB13 . PXO99 inoculation markedly induced GUS or GFP expression in the infection site of the transgenic plants carrying P Xa13 :GUS or P Xa13 :GFP , but not in the transgenic plants carrying P xa13 :GUS or P xa13 :GFP ( Fig. 1 , Supplementary  Fig. S2 ). These results suggest that the analyzed promoter P Xa13 is responsible for pathogen-induced Xa13 expression.
To determine whether other Xoo strains (PXO61, PXO79 and PXO145), which cause a compatible (susceptible) reaction in IRBB13, could also induce the expression of dominant Xa13 , we examined xa13 and Xa13 expression in rice lines IRBB13 and IR24, which is a near-isogenic line of IRBB13, respectively. The expression of xa13 in IRBB13 and Xa13 in IR24 could not be induced by PXO61, PXO79 or PXO145, although the expression of Xa13 was induced by PXO99 (Supplementary Fig. S3 ). This result was further confi rmed by analysis of GUS expression in transgenic plants carrying P xa13 :GUS or P Xa13 :GUS after Xoo infection. PXO79 and PXO145 could not induce GUS activity in plants carrying P xa13 :GUS or P Xa13 :GUS ( Fig. 1 ) . These results suggest that P Xa13 is a race-specifi c bacterial-induced promoter.
Pathogen-induced xa13 and xa13 Leu49 expression results in susceptibility of rice
The recessive R gene xa13 encodes a protein that differs by only one amino acid from that encoded by dominant Xa13 ; the 238th residue alanine of dominant XA13 protein is replaced by threonine in the recessive xa13 protein . To examine whether the one amino acid divergence, in addition to pathogen-induced expressional loss of function, also contributed to xa13 -mediated Xoo resistance, we used the promoter of dominant Xa13 to regulate the expression of recessive xa13 in the IRBB13 background. Transformation of the rice line IRBB13, which carries xa13 , with the P Xa13 :xa13 construct produced 20 independent transformants. All the T 0 plants carrying the transformation construct were susceptible to Xoo strain PXO99, with an average lesion area of 34.5 ± 7.8 % to 57.7 ± 12.6 % compared with 3.7 ± 0.8 % for the untransformed control IRBB13 ( Fig. 2A ; Supplementary Table S1 ). To confi rm that the susceptibility of the transgenic plants was caused by the transgene, we performed individual investigations of T 1 families derived from three of the susceptible T 0 plants for susceptibility and the existence of a transgene marker. The susceptibility cosegregated with the transgene in all three families ( Fig. 2B ; Supplementary Table S1 ). Analysis of the expression levels of the xa13 gene and xa13 protein in the transgenic plants showed that both xa13 transcripts and xa13 proteins were markedly induced at 12 and 24 h after pathogen infection ( Fig. 3A ) . These results suggest that xa13 can also cause disease if its expression is induced on infection, and that the amino acid difference may not contribute to xa13 -mediated resistance.
To examine this notion further, we transferred the natural recessive allele of xa13 , xa13 Leu49 , driven by the promoter of dominant Xa13 , into the rice line IRBB13. xa13 Leu49 encodes a protein that differs by one amino acid from that encoded by xa13 and by two amino acids from that encoded by dominant Xa13 ; the 49th residue serine of xa13 protein is replaced by leucine in the xa13 Leu49 protein . Transformation of the rice line IRBB13 with the P Xa13 :xa13 Leu49 construct produced 20 independent transformants. All the T 0 plants carrying the transformation construct were susceptible to Xoo strain PXO99, with an average lesion area of 42.0 ± 3.3 % to 62.4 ± 3.7 % compared with 2.4 ± 0.1 % for the untransformed control IRBB13 ( Fig. 4A , Supplementary  Table S1 ). T 1 families derived from three of the susceptible T 0 plants were further investigated individually for susceptibility and the existence of a transgene marker. The susceptibility co-segregated with the transgene in all three families (Supplementary Table S1 ). Gene and protein expression analysis also showed that the xa13 Leu49 gene and xa13 Leu49 protein were markedly induced after pathogen infection in the transgenic plants ( Fig. 3A ) .
The bacterial growth analysis demonstrated that the growth rates of PXO99 in transgenic lines D128OI4 carrying P Xa13 :xa13 Leu49 and D85OI12 carrying P Xa13 :xa13 were 92.7-and 79.4-fold higher, respectively, than that in wild-type IRBB13 in the 14 d after infection ( Fig. 4B ). The transgenic lines showed a PXO99 growth rate similar to that of the transgenic line D09O3-7 carrying dominant Xa13 , which was driven by its native promoter in the IRBB13 background , and susceptible control IR24, which is a near-isogenic line of IRBB13. These results further suggest that the difference in protein composition between the dominant XA13 protein and recessive xa13 protein is not the cause of xa13 -mediated resistance. 
Constitutive expression of Xa13 and xa13 cannot infl uence rice response to bacterial infection
Our previous study and the results discussed above indicate that increased expression of Xa13 is required for PXO99 infection. Would that mean the expression levels of Xa13 and xa13 are correlated with the level of susceptibility? To address this question, we constitutively expressed Xa13 , xa13 , xa13 Leu49 , xa13 Ala85 and xa13 Val184 (the last two alleles are other natural recessive alleles of xa13 ), driven by the maize ubiquitin promoter P Ubi , in the resistant rice line IRBB13, which carried xa13 . Unexpectedly, all the transgenic plants that constitutively expressed Xa13 , xa13 , xa13 Leu49 , xa13 Ala85 or xa13 Val184 were resistant to the Xoo strain PXO99, like the wild type IRBB13 (Supplementary Fig. S4 ). The bacterial growth analysis also showed that the growth rate of PXO99 in the transgenic line D83UI37 carrying P Ubi :xa13 Leu49 was a maximum 252-fold lower than that in the transgenic line D128OI4 carrying P Xa13 :xa13 8 d after infection in the same genetic background (Supplementary Fig. S5 ). The bacterial growth curve of line D83UI37 was similar to that of the wild type IRBB13 (Supplementary Fig. S5 ).
To determine whether the lack of infl uence of constitutively expressed target genes on rice response to pathogen infection was due to reduced protein stability, we examined the expression of target proteins. Western blot analysis showed that the expression levels of target proteins were associated with the levels of the corresponding transcripts in the transgenic plants ( Fig. 3B ). The quantities of XA13, xa13, xa13 Leu49 , xa13 Ala85 and xa13 Val184 proteins in the transgenic plants were markedly higher than those of xa13 in the wild type IRBB13. Pathogen infection induced accumulation of XA13 proteins in the rice line IR24. The target protein levels in different transgenic plants constitutively expressing target genes were similar to or higher than the induced XA13 level in the rice line IR24 at 24 h after Xoo infection ( Fig. 3B ) .
We also examined the expression of pathogenesis-related (PR) genes, PR1b/PR-1 (basic PCR protein, GenBank accession No. U89895) and PR10/PBZ1 (D38170), in the transgenic plants. The expression of PR1b/PR-1 and PR10/PBZ1 was markedly induced in the plants constitutively expressing Xa13 and xa13 ( Fig. 5 ) . Constitutively expressing xa13 Ala85 , xa13 Leu49 or xa13 Val184 also appeared to induce the expression of PR10/PBZ1 but not PR1b-PR-1 . To determine whether the induced PR gene expression was associated with xa13 -mediated resistance, we examined the expression of the two PR genes in the near-isogenic lines IRBB13 carrying xa13 and IR24 carrying Xa13 . The expression of PR1b/PR-1 and PR10/ PBZ1 was induced in both IRBB13 and IR24 in resistant (incompatible) and susceptible (compatible) reactions and in wounding treatment (Supplementary Fig. S6 ), indicating that activation of the two PR genes is not specifi c for xa13 -mediated resistance. These results suggest that constitutive expression of XA13 or xa13 proteins may infl uence their function as helpers for pathogen growth. Thus, pathogeninduced expression of Xa13 is the key to bacterial infection.
Xa13 and xa13 may also regulate vegetative development of rice
Examination of the transgenic plants carrying a single copy of P Xa13 :GFP or P xa13 :GFP showed that the reporter protein GFP was expressed in root, leaf collar, leaf auricle, leaf ligule, sheath, culm and culm node; plants carrying P Xa13 :GFP appeared to have a higher GFP level than the plants carrying P xa13 :GFP in these tissues ( Fig. 6A ). The expression of GFP in leaf was detected in plants carrying P Xa13 :GFP but not in plants carrying P xa13 :GFP . In sheath and leaf, the expression of GFP was concentrated in the vascular system. The tissuespecifi c and wildspread expression suggests that Xa13 and xa13 may also regulate other tissue or organ development, in addition to regulating pollen development as observed in our previous study . Consistent with this hypothesis, we observed that transgenic plants constitutively expressing P Ubi :Xa13 and P Ubi :xa13 had abnormal morphology. A total of 92 and 48 positive independent transformants carrying P Ubi :Xa13 and P Ubi :xa13 , respectively, were obtained in different genetic backgrounds, including IRBB13 carrying xa13 , and IR24 and Zhonghua 11 ( Oryza sativa ssp. japonica ) carrying Xa13 . All the plants were markedly shorter and had fewer tillers than the wild type ( Fig. 6B ) . The average plant heights were 20.9 ± 2.6 and 21.1 ± 3.1 cm for plants carrying P Ubi :Xa13 and P Ubi :xa13 , respectively, compared with 75.5 ± 6.0 cm for the wild type at the booting stage. The leaves of most of these transgenic plants withered from the tip, and gradually the whole leaves and then the plants died before reaching the reproductive stage. Only three plants reached the reproductive stage, but they died, starting with withered leaves, before seeding. In total, 44, 50 and 32 positive independent transformants carrying P Ubi :xa13 Leu49 , P Ubi :xa13 Ala85 and P Ubi :xa13 Val184 , respectively, with different genetic backgrounds (IRBB13, IR24 and Zhonghua 11) were obtained. All the plants developed normally and showed no obvious difference from the wild types ( Fig. 6C ) . The tissue-specifi c expression suggests that Xa13 and xa13 may play another role in addition in the host-bacterium interaction and pollen development; the protein composition of the two genes appears to be important for this role.
Discussion
Most of the characterized plant R genes differ functionally from their susceptible alleles by encoding different proteins. Some of the genes and their alleles differ by only one amino acid ( Bryan et al. 2000 , Iyer and McCouch 2004 ) . Only two R genes have been reported to function differently from their susceptible allele by differential expression during hostpathogen interaction. The resistant and susceptible alleles of the rice R gene Xa27 encode identical proteins; expression of the resistant allele induced by an incompatible pathogen is involved in Xa27 -mediated resistance ( Gu et al. 2005 ) . Although the pepper R gene Bs3 and its susceptible allele Bs3-E encode proteins with one amino acid substitution, the key factor for Bs3 resistance function is promoter activation by the effector protein AvrBs3 of Xanthomonas campestris pv. vesicatoria ( Romer et al. 2007 ). The expressional control of the resistant xa13 and susceptible Xa13 pair was opposite to that of the control Xa27 / xa27 pair and the Bs3 / Bs3-E pair in defense responses . However, proteins encoded by the xa13 and Xa13 alleles differ by one amino acid. The results presented herein showed that xa13 and its resistant allele, which encode proteins different from those of xa13 and Xa13 , could also promote disease if their expression was induced by a pathogen. These results suggest that pathogen-induced expressional loss of function, not the composition of protein, is critical for xa13 -mediated resistance. The expression level of xa13 in the leaves was very low and could be detected only by RT-PCR analysis. Thus, xa13 stands out from other R genes because of its functions in disease resistance that are due only to the loss of pathogen-inducible motivation caused by natural selection.
In contrast, expression of the susceptible allele Xa13 is required for bacterial growth. Xa13 expression is induced by its compatible pathogen, which is incompatible with recessive xa13 . A region of 18 nt corresponding to the −69 to −86 region of the Xa13 promoter may be responsible for this induction . A TAL effector PthXo1 of Xoo appeared to be involved in this regulation ( Yang et al. 2006 ) . Whether Xa13 is a direct target of PthXo1 is unknown. PthXol is an AvrBs3-like protein. The AvrBs3 from the genus Xanthomonas ( Xanthomonas campestris pv. vesicatoria ) also binds to the promoter of the pepper R gene Bs3 and induces Bs3 expression. However, the growth rate of Xoo was not completely associated with the expression level of Xa13 . Constitutive expression of Xa13/xa13 abolished their function of helping bacterial growth. This loss of ability of XA13 to help bacterial growth was not due to the instability of this protein ( Fig. 3B ) nor to lost function of this protein, because transgenic plants constitutively expressing XA13 showed retarded vegetative growth that was not observed in Xa13 -suppressed plants . Although constitutively expressing Xa13/xa13 induced expression of defense-responsive genes PR1b-PR-1 and PR10/PBZ1 , this induction appears not to be associated with the loss of ability of XA13 to help bacterial growth for the following reasons. First, activation of the two PR genes is not specifi c for the functions of Xa13/ xa13 in host-pathogen interaction; incompatible and compatible interactions and wounding all induced the two PR genes (Supplementary Fig. 6 ). Secondly, PR1b-PR-1 and PR10/PBZ1 expression was not markedly induced when xa13 Leu49 , xa13 Ala85 and xa13 Val184 were constitutively expressed, but the transgenic plants were resistant like the wild type. Xoo is the vascular pathogen. Xa13 is preferentially expressed in the parenchyma cells surrounding the vascular vessels . Another alternative interpretation for the loss of ability of XA13 to help bacterial growth would be that constitutively expressing Xa13 driven by the maize ubiquitin promoter resulted in a lower level of Xa13 transcripts in parenchyma cells and this level was not enough to induce the susceptibility. The maize ubiquitin promoter was specifi cally expressed in the vascular system of leaves ( Cornejo et al. 1993 ) . The XA13 and xa13 protein levels in the leaves of the transgenic plants constitutively expressing Xa13 or xa13 were markedly higher than the XA13 level induced after pathogen infection in the susceptible rice line IR24 ( Fig. 3B ). All these pieces of evidence suggest that the lack of ability of XA13 to help bacterial growth may not be due to reduced expression of Xa13 in the parenchyma cells. Thus, pathogen-induced Xa13 expression appears to be essential for pathogen infection.
Both Xa13 and xa13 are required for pollen development. Transgenic plants with signifi cantly reduced expression of Xa13 or xa13 have shown reduced spikelet fertility ). The present results suggest that this pair of alleles may also be involved in vegetative development. A low level of tissue-specifi c expression of Xa13 or xa13 may be essential for this regulation. This hypothesis can be supported by the following evidence. First, the expression levels of Xa13 and xa13 in leaf, sheath and culm were approximately 4-to 75-fold and 13-to 120-fold lower than those in male organs, respectively . Constitutively expressing Xa13/xa13 resulted in pleiotropic effects on the plants, which may be due to constitutive activation of some defense-responsive genes, such as PR1b/PR-1 and PR10/PBZ1 that are also involved in physiological activities other than biotic stress ( Liu et al. 2005 , Tanaka et al. 2006 . Secondly, although the expression level of xa13 in tissues other than male organs was lower than that of Xa13 ( Fig. 6 ; Chu et al. 2006 ) , the near-isogenic lines carrying xa13 and Xa13 , respectively, have no morphological difference. Furthermore, the amino acid composition of XA13 and xa13 proteins may infl uence their function in developmental regulation. This hypothesis can be supported by the evidence that constitutive expression of XA13 or xa13 is lethal to rice, but rice plants can tolerate constitutive expression of xa13 Leu49 , xa13 Ala85 and xa13 Val184 proteins. Thus, the present results suggest that xa13 , a mutant of pathogen-induced expressional loss of function in defense responses, plays dual roles, regulation of both vegetative and reproductive development, in the rice life cycle. However, how these proteins regulate development remains to be clarifi ed.
Materials and Methods
Vector construction and rice transformation
The promoters of the dominant gene Xa13 and the recessive gene xa13 , P Xa13 (1,589 nt, −1,418 to + 171) and P xa13 (1, 786 Table S2 ).
To study the expression patterns of Xa13 and xa13 , we fused the promoters of the two genes with the reporter genes GUS or GFP and cloned the promoters into the pCAM-BIA1381 vector. The constructs carrying P Xa13 :xa13 and P Xa13 :xa13 Leu49 were made by splicing overlap extension PCR ( Horton et al. 1989 ) and then inserting the PCR products into vector pCAMBIA1300. The overexpressing constructs carrying P Ubi :Xa13 , P Ubi :xa13 , P Ubi :xa13 , P Ubi :xa13 Leu49 , P Ubi :xa13 Ala85 and P Ubi :xa13 Val184 were made by inserting the genomic fragments of Xa13 , xa13 , xa13 Leu49 , xa13 Ala85 and xa13 Val184 , which were amplifi ed with the use of primers Xa13P and Xa13FuR (Supplementary Table S2 ), into vector pU1301, which contained a maize ubiquitin gene promoter ( P Ubi ) to regulate the expression of the target gene . Agrobacterium -mediated transformation was performed according to the protocol reported previously ).
Bacterial inoculation
Philippine Xoo strains PXO61 (race 1), PXO79 (race 3), PXO99 (race 6) and PXO145 (race 7) were used. For disease scoring, plants were inoculated with the Xoo strain by the leaf-clipping method at the booting stage ( Chen et al. 2002 ) . Disease was scored by measuring the percentage of lesion area (lesion length/leaf length) at 2 weeks after inoculation. For Xoo growth analysis, plants were inoculated by the leafclipping method, and the bacterial population in the infected rice leaves was determined by counting colony-forming units ( Sun et al. 2004 ) . For study of the pathogen-induced gene expression using GUS or GFP as a reporter gene, plants were inoculated with Xoo by the needleless syringe infi ltration method ( Zhu et al. 1998 ) . Mock-inoculated (control) plants were treated under the same conditions, except that the pathogen suspension was replaced with water.
Histochemical and fl uorometric analysis of GUS activity
Histochemical staining of GUS activity was conducted as described previously ( Wu et al. 2003 ) . Quantitative analyses of GUS activity were performed as reported by .
GUS activity was determined fl uorometrically by measuring the amount of 4-methylumbelliferone (Mu) produced under the catalysis of GUS in 1 mg of total protein per minute.
Gene expression analysis
Aliquots (20 µ g) of total RNA were used for RNA gel blot analysis ( Chu et al. 2004 ). The hybridization probe was amplifi ed with the use of primers CDS4F and CDS4R (Supplementary Table S2 ). Quantitative RT-PCR was conducted as described by Qiu et al. (2007) . For each gene, quantitative RT-PCR assays were repeated at least twice, with each repetition having three replicates; similar results were obtained in repeated experiments. Semi-quantitative RT-PCR was conducted as described by Zhou et al. (2002) . PCR primers for RT-PCR are listed in Supplementary Table S2 .
Protein expression analysis
Total proteins were extracted from rice by grinding leaves in liquid nitrogen and mixing the sample powder with 3 vols. of extraction buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM sucrose, 1 mM phenylmethylsulfonyl fl uoride (PMSF), 0.1 % Triton X-100 and 1 × protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). The debris in the mixture was cleared from the lysate by centrifugation at 15,000 × g for 20 min at 4 ° C. Protein concentration in the extracts was measured by the Bradford assay ( Bradford 1976 ) . Extracts containing 20 µ g of proteins were electrophoresed on a 15 % SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blocked with 2 % bovine serum albumin (BSA) in PBS-T buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4, and 0.1 % Tween-20) overnight at 4 ° C and then washed three times in PBS-T buffer for 15 min each. The membrane was probed with XA13 polyclonal antibody in a 1 : 2,000 dilution in PBS-T buffer containing 2 % BSA for 3 h at room temperature. The XA13 antibody was custom synthesized by Eurogentec (Seraing, Belgium) against peptide AADKELLQNKPEVIE (288th to 302th of amino acid XA13). After being washed in PBS-T buffer, the membrane was probed with the secondary antibody (goat anti-rabbit IgG-horseradish peroxidase (HRP; SouthernBiotech, Birmingham, AL, USA) and conjugated with HRP in a 1 : 5,000 dilution. The antibody-bound proteins were detected by a chemiluminescence reaction with the SuperSignal Kit (Pierce, Rockford, IL, USA).
